This study was designed to investigate the effect of lycorine (LY) on the AMPK-mTOR-S6K signaling pathway and to clarify its role in autophagy and apoptosis.
Background
Lung cancer is one of the malignant tumors with highest incidence and mortality. Clinical surgery and radiotherapy and chemotherapy are less effective for patients with advanced lung cancer. With the development of traditional Chinese medicine (TCM), it has become an effective method for the treatment of lung cancer [1] . Natural medicine has become one of the main sources of anti-cancer drugs because of its rich resources and a variety of pharmacological effects. Lycoris (LY) is an isoquinoline alkaloid isolated from bulbs of Monocotyledones amaryllidaceae plants. Recent studies have shown that LY (chemical structure shown in Figure 1 ) can be used in treatment of viral infection [2, 3] , inflammation [4] , malaria [5] , osteoporosis [6] , and cancer [7] .
During autophagy, the cell's own proteins and organelles are swallowed into vesicles and combined with lysosomes to form autophagic lysosomes to degrade the contents and provide material and energy required for cell metabolism. Autophagy helps to maintain cell viability, but excessive autophagy may cause cell death. During tumorigenesis, autophagy regulates cell survival and death [8] . Apoptosis is programmed cell death, which maintains cell homeostasis [9, 10] . Autophagy has been reported to be closely associate with apoptosis: (1) autophagy is one of the upstream processes required for apoptosis, and inhibition of autophagy can effectively inhibit apoptosis [11] ; (2) autophagy can reduce the rate of apoptosis via inhibition of apoptosis [12] ; and (3) autophagy and apoptosis can synergistically promote cell death [13] , and regulation of both autophagy and apoptosis can switch between these 2 kinds of death [14] . Therefore, the effect of drugs on the regulation of autophagy and apoptosis of tumor cells is particularly important.
AMPK are kinases present in eukaryotic cells and they regulate energy metabolism. Inhibition of AMPK activity may effectively activate mTOR, thereby regulating cell growth and metabolism [15] . In situations of low blood sugar, hypoxia, and other stress conditions, the AMP/ATP ratio rises to activate AMPK a subunit, the latter in conjunction with the kinase LKB1 promotes phosphorylation in Thr172 [16, 17] . Phosphorylation of AMPK activates the tuberous sclerosis complex (TSC), thereby inhibiting downstream substrates of mammalian target of rapamycin (mTOR) [18] . Reports in the literature indicate that the AMPK-mTOR-S6K signaling pathway is closely linked to autophagy and apoptosis. Research in mammalian systems found that inhibition of mTOR activated autophagy [19] . In addition, AMPK can change the conformational of pro-apoptotic protein Bax to maintain mitochondrial transmembrane potential (DYm), blocking the release of cytochrome C and activation of caspase-3, which in turn inhibits apoptosis [20] .
In the present study, human lung adenocarcinoma A549 cells were used as research subjects, and the commonly used anti-cancer drugs cisplatin and curcumin were included [21] [22] [23] as positive controls to explore the effect of LY on the autophagy and apoptosis of A549 cells to provide a scientific basis for new ideas and directions for the clinical treatment of lung cancer.
Material and Methods

Material
Lycorine (purity >98%) was obtained from Nanjing Purun Tech Co. and cisplatin (purity >98.5%) was obtained from Dalian Meilun Biotech. Curcumin (purity >98%) was purchased from Shanghai Jianglai Biotech and non-small cell lung cancer cell line A549 was from Nanjing Lishizi Biotech (Nanjing, China). Fetal bovine serum was purchased from Hyclone (Logan City, UT). DMEM were from Shanghai Feili i Biotech (Shanghai, China). Cell culture flasks, cell culture dishes, and 96-and 6-well plates were purchased from Tianjin Ruishina biotech (Tianjin, China). MTT and trypsin was bought from Nanjing Zhongshan Biotech (Nanjing, China). Wortmannin was purchased from Selleck (Houston, TX). Protein extraction kit and BCA protein quantification kit were from Shijiazhuang Haisen Chemical (Shijiazhuang, China). 
Methods
MTT assay
LY was dissolved in DMSO (³99%) and diluted in DMEM medium. A549 cells were inoculated at a concentration of 3000/well into 96-well plates. Various concentrations of LY solution (0.5 μM, 1 μM, 2 μM, 4 μM, 8 μM, 16 μM, and 32 μM) were added into cell culture medium and cultured at 37°C for 12 h or 24 h before 10 μL of MTT solution (5 mg/mL, pH=7.5) was added to each well. Cells were incubated for another 4 h, then 150 μL of DMSO (³99%) was added to each well to stop the reaction. The absorbance value of each well at 490 nm wavelength was measured using a microplate reader. Cell viability was assessed as (OD value of blank control -OD value of treatment group)/(OD value of blank control -the OD value of control group) ×100%.
Morphology observation
A549 cells were inoculated into 6-well plates at a density of 3×10 4 /mL. Various concentrations of LY (0.5 μM, 1 μM, 2 μM, 4 μM, 8 μM, and 16 μM) were added and the cells were cultured for 24 h. Acridine orange (final concentration of 1 μg/mL) was used to stain the cells for 15 min, and the cells were observed under a fluorescence microscope. There were 3 control groups: 4 μM and 8μM of lycorine and 100 nM autophagy inhibitors wortmannin were simultaneously added to the culture medium and incubated for 24 h, or cells were treated with 16 μM of LY for 24 h, then 100 nM wortmannin was added.
Western blot detection of protein expression
Cells were pelleted and RIPA buffer was used to lyse the cells. Protein concentrations were measured by use of a BCA protein quantification kit. We loaded 20 μg of each sample and resolved it by SDS-PAGE. Proteins were then transferred to PVDF membranes. After blocking (5% skim milk) for 2 h, anti-LC3, caspase3, AMPK, mTOR, S6K, phosphor-AMPK, phosphor-mTOR, phosphor-S6K, and b-actin antibodies (1: 1000) were added and incubated at 4ºC overnight. After washing with TBST 3 times, horseradish peroxidase-conjugated secondary antibody (1: 5000) was added and incubated at 37°C for 2 h. After washing, ECL was used to develop it in a gel imaging system (GE, ImageQuant, model LAS4000). Image J software (National Institutes of Health, Bethesda, MA) was used to quantify the bands.
Statistical analysis
All data were analyzed using GraphPad prism5.0 statistical software (Ventura, CA). Data are expressed as means ± SD, differences between groups were analyzed by ANOVA or t-test, and P <0.05 was considered statistically significant.
Results
Lycorine inhibited A549 proliferation
MTT assay results showed that the survival rate of A549 cells decreased with the increase of concentration and treatment time of LY, indicating that LY dose-and time-dependently suppressed A549 cell activity. IC50 of 12-h LY treatment and 14-h LY treatment were 27 μM and 8.5 μM, respectively, which was much better than that of curcumin (12 h and 24 h of IC50 >32 μM), and comparable with that of cisplatin (12 h and 24 h of IC50, 24 μM and 7.5 μM) (Figure 2 ).
Lycorine promoted autophagy
Acridine orange can stain cytoplasm and nuclei to dark red and bright green, and stains acidic vesicles to bright red. In late autophagy, autophagic vacuoles combine with acidic 
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lysosomes to form autophagy lysosomes; therefore, acridine orange stained acidic vesicles can be used as one of the signs of late autophagy. Wortmannin, as a PI3K kinase inhibitor, can inhibit early autophagy. Acridine orange staining results showed that compared with controls, low-dose (1 and 2 μM) LY treatment did not significantly induce morphology changes ( Figure 3A-3C ). Medium-dose (4-8 μM) LY treatment resulted in cytoplasmic vacuolization and increase of acidic vesicles but no significant change of the nucleus ( Figure 3D, 3E) , and 100 nM wortmannin treatment effectively reduced the number of acidic vesicles ( Figure 3G , 3H). Nuclear condensation was caused by 16 μmol/L of LY treatment ( Figure 3C -3F) but 100 nM wortmannin treatment did not induce further morphology change ( Figure 3C-3I ). These data suggested that at certain concentrations (from 0 to 8 μM), autophagy was increased with the increase of LY concentration. When LY concentration reached 16 μM, the cells began to show morphology changes and apoptosis. 
Effect of LY on the expression levels of autophagy-and apoptosis-related proteins
Western blot results showed that the levels of LC3-II were increased along with the increase of LY concentration and reached the highest level at LY concentration of 8 μM, indicating that LY promoted autophagy. The ratio of LC3-II and LC3-I was lower at 16 μM LY. The levels of caspase-2 were increased along with the increase of LY concentration and reached the highest level at an LY concentration of 16 μM. These results suggested that low-dose LY (<8 μM) stimulated autophagy of A549 cells, and a high concentration of LY (>16 μM) caused apoptosis of A549 cells (Figure 4 ).
LY effect on AMPK, mTOR, and S6K
Western blot results showed that increased LY concentration caused increased phosphorylation of AMPK but decreased phosphorylation of mTOR and S6K in Ser2481 and Thr389, suggesting that LY promoted phosphorylation of AMPK to suppress the phosphorylation of mTOR and S6K to inhibit cell proliferation and stimulate autophagy ( Figure 5 ).
Discussion
Autophagy and apoptosis play important roles in the maintenance of normal body functions. Induction of apoptosis of tumor cells is used for cancer treatment. The resistance of tumor cells in the treatment process is the main factor restricting anti-tumor therapy. As another type of programmed cell death, autophagy has become a popular new focus in cancer therapy.
Autophagy is a dynamic equilibrium process that maintains the body's cell metabolism and circulation. Upsetting this dynamic equilibrium causes autophagic cell death or apoptosis. Anti-tumor drugs regulate autophagy depending on cell type, drug concentration, and drug treatment time. Studies have found the presence of both autophagy and apoptosis in the treatment of tumor cells with curcumin [24] [25] [26] [27] . In the present study, various concentrations of LY were used to treat A549 cells for 12 h and 24 h. Results showed that LY inhibited the growth of A549 cells in a time-and dose-dependent manner. Lower doses of LY (4 μM and 8 μM) treatment promoted autophagy of A549 cells, while the higher concentration of LY (16 μM) treatment induced apoptosis of A549 cells.
As a member of the ATG8 protein family, LC3 is now recognized as the most important marker of the autophagic signaling pathway. There are 2 types of LC3: LC3-I (18 kDa) and LC3-II (16 kDa). Under normal cell state, LC3 is cleaved by Atg4 at the carboxyl terminus to produce LC3-I. In autophagy, LC3-I is processed by ubiquitin-like systems, including Atg7 and Atg3, to produce LC3-II and is translocate to the autophagic body.
Excessive autophagy can promote cell apoptosis. It has been shown that ionizing radiation can induce autophagy in human breast cancer cells, and promote the progression of apoptosis [28] . In our study, we found that low concentrations of LY increased the ratio of LC3-II/LC3-I. The 8-μM LY treatment showed the highest ratio of LC3-II/LC3-I. Higher concentration of LY (>8 μM) decreased the ratio of LC3-II/LC3-I. Caspase-3 is a member of the cysteine-aspartic protease family, which is generally considered a marker of the apoptosis signaling pathway. In normal cells, caspase-3 is mainly presented as an inactive zymogen (Pro-caspase-3) form. In the process of apoptosis, Pro-caspase-3 is hydrolyzed at Asp28~Ser29 and Asp175~Ser176 to form P17 (29~175) and P10 (182~277) fragments. The latter 2 can re-organize together to form caspase-3, which promotes the implementation of the apoptosis pathway. We found that caspase-3 was activated by LY treatment in a dose-and time-dependent manner. Thus, we believe that the low concentration of LY treatment (24 h) induced autophagy of A549, but the high concentrations of LY treatment (24 h) promoted apoptosis of A549 cells.
The results of this experiment showed that LY treatment of A549 cells for 24 h enhanced the phosphorylation of AMPK at Thr172 in a dose-dependent manner. Phosphorylation of AMPK can significantly reduce the activity of mTOR (Ser2481) and S6K (Thr389), thereby blocking downstream signaling. Inhibition of mTOR activity also promoted autophagy. The inhibitory effect of LY on A549 cell viability was stronger than that of curcumin (12 h and 24 h of IC50 >32 μM), and was comparable to that of cisplatin (12 and 24 h IC50: 24, 7.5 μM). These data suggest that within a certain range of concentrations and treatment 
Conclusions
Lycorine inhibited A549 cells proliferation by enhancing activation of AMPK and suppressing the mTOR-S6K signaling pathway. Lower concentrations of LY (4~8 μmol/L) can activate autophagy, and a higher concentration of LY (16 μmol/L) can induce apoptosis. These results provide a scientific basis for studying the effect of LY on tumor cell death, the relationship between autophagy and apoptosis, and the use of autophagy enhancers or inhibitors in cancer therapy.
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